medium. For germination, cotyledonary-stage SE were isolated and stored at 4 °C for 2 months. After cold storage, SE were cultured on germination medium consisting of Gresshoff and Doy medium, supplemented with 0.44 μM BA and 20 μM silver thiosulphate. Under these conditions, plantlets were regenerated from 21 to 66.7% of the SE generated for both genotypes.
Introduction
The genus Quercus is one of the most important clades of woody angiosperms in the northern hemisphere in terms of species diversity, ecological dominance and economic value (Nixon 2006) . Historically, Q. ilex (holm oak) and Q. suber (cork oak) have always been present in the Iberian Peninsula, with Q. ilex generally being more dominant (present in 84% of the woodlands) than Q. suber (Gónza-lez 2008) . All of the Quercus-dominated forests currently existing in the Iberian Peninsula have derived from the original Mediterranean forest as a result of centuries of human use (Smit et al. 2009; Huntsinger et al. 2013) . The oak woodland locally called dehesa (in Spanish) or montado (in Portuguese) constitutes an agrosilvopastoral system in which common land uses co-exist with the management of many species of economic interest. The trees in the dehesas act as ecosystem engineers, enabling grass production in poor soils under a semi-arid climate (Moreno and Pulido 2009 ). Oak leaves, twigs, and acorns provide a rich source of nutrients for foraging animals such as cattle, sheep, horses, and bulls. Acorns are also an important part of the diet of the Iberian pig, which yields one of the most Abstract Somatic embryogenesis from in vitro leaf and shoot apex explants excised from axillary shoot cultures established from two mature Quercus ilex trees has been developed. Somatic embryos (SE) were obtained from both explant types and genotypes evaluated, although embryogenic frequencies were influenced by the genotype, auxin concentration, and explant type. The explants were cultured on Murashige and Skoog salts and vitamins, supplemented with 500 mg L −1 casein hydrolysate (CH) and different concentrations of indole-3-acetic acid or α-naphthalene acetic acid (NAA) in combination with 2.22 µM 6-benzylaminopurine (BA). In both genotypes, shoot apex explants were more responsive than leaf explants. The best results were obtained with apex explants of clone Q3 (11%) cultured on medium with 21.48 µM NAA plus 2.22 µM BA. This combination was also effective for initiating SE from leaf explants, although the induction rates were lower (1-3%). Embryogenic lines were maintained by repetitive embryogenesis following culture of nodular embryogenic structures on Schenk and Hildebrand medium without plant growth regulators. Low embryo multiplication rates were obtained when torpedo or early cotyledonary SE were used as initial explant for embryo proliferation, or when glutamine or CH (500 mg L −1 ) was added to proliferation valuable cured hams in the world, as well as other cuts of meat (Cañellas et al. 2007; Vargas et al. 2013) . Production of the highly prized black truffle (Tuber melanosporum), which grows in a symbiotic relationship with holm oak roots, and highly productive big game hunting lands are another economically important aspect of the dehesas (Macaulay et al. 2013 ). In addition to high economic and social value, these ecosystems harbor unique and high levels of biological diversity and have therefore been identified in accordance with the EU Habitats Directive as worthy of preservation (Smit et al. 2009 ). Trees are increasingly affected by insect pests and pathogens, loss of habitat, and other stresses as a result of global climate change (Merkle and Nairn 2005) . High mortality and decline of holm oak trees have occurred across the southwest Iberian Peninsula as a result of lack of regeneration (Pulido et al. 2013) , episodic events of drought (Corcobado et al. 2014) , and a syndrome denominated "La seca" (in Spanish) or "A seca" (in Portuguese) (Pérez-Sierra et al. 2013) . During the 1990s, studies by Portuguese and Spanish research groups indicated that Phytophthora cinnamomi Rands may be the main cause of this syndrome (Corcobado et al. 2013) .
Biotechnological approaches, such as the use of molecular markers, genetic engineering, and the application of micropropagation can be used to produce genotypes of trees with improved tolerance or resistance to diseases (Lelu-Walter et al. 2013; Corredoira et al. 2015) . Somatic embryogenesis is currently considered one of the main biotechnological techniques for mass propagation, enabling multi-varietal forestry (Park et al. 2016) , and for genetic transformation, application of synthetic seed, and cryopreservation of elite genotypes (Corredoira et al. 2006a; Guan et al. 2016; Bonga 2017) .
High variability in seed production in holm oak has been described, with difficulty in conserving acorns, as well as extreme recalcitrance to vegetative propagation, especially of mature trees (Mauri and Manzanera 2005; Barra-Jiménez et al. 2014) . Therefore, the development of alternative methods of propagation such as somatic embryogenesis, are necessary. The initiation of somatic embryos (SE) from zygotic embryos of holm oak was generally less problematic than from mature material, although low induction frequencies were recorded (Mauri and Manzanera 2005) . Studies on the induction of SE from mature trees include SE production from leaves (Féraud-Keller et al. 1989) , catkins (Blasco et al. 2013) , and teguments of developing ovules (Barra-Jiménez et al. 2014) derived from field grown trees. However, there are difficulties associated with the use of leaf and floral structure explants collected from mature trees for inducing SE, including seasonal limitations in the availability of the plant material and the control of physiological stage.
The use of in vitro shoot cultures as a source of explants would enable control of growth conditions versus material collected from trees growing in the field (Corredoira et al. 2014; Ballester et al. 2016) . Axillary shoot cultures produce uniform explants, an unlimited number of explants is guaranteed year round, and no sterilization of the material is required. Recently, we reported the in vitro establishment, proliferation, and rooting of holm oak shoots derived from mature trees, providing sufficient plant material for initiation of somatic embryogenesis (submitted paper).
The objective of our study was to develop a reliable procedure for inducing somatic embryogenesis from mature Q. ilex trees. Leaf and shoot apex explants excised from in vitro axillary shoot proliferation cultures established from mature trees were evaluated for initiating somatic embryogenesis. The capacity of different plant growth regulators (PGRs) to induce an embryogenic response, and the ability of the embryogenic lines to maintain their embryogenic competence was tested. Plantlet conversion capacity of SE was also assayed.
Materials and methods

Plant material and culture conditions
In vitro axillary shoot cultures were used as the source of explants for initiating SE. Stock shoot cultures were established from nodal explants excised from forced shoots of branch segments from two 100-year-old Quercus ilex L. trees (designated Q3 and Q10) . Shoot cultures were multiplied by sub-culturing axillary shoots (1 cm) every 6 weeks on woody plant medium (WPM; Lloyd and McCown 1980) mineral salts and vitamins (Duchefa Biochemie, Netherlands), 30 g L −1 sucrose, 20 μM silver thiosulphate (STS), and 8 g L −1 Sigma agar (A-1296; Sigma-Aldrich, St. Louis, MO, USA). Shoots were cultured vertically in WPM containing cytokinin, with a sequence of transfers every 2 weeks, as follows: 0.44 μM benzylaminopurine (BA) for the first 2 weeks, 0.22 μM BA for the next 2 weeks, and 0.044 μM BA plus 0.46 µM zeatin for the last 2 weeks in a 6-week multiplication cycle. All culture media were adjusted to pH 5.7 before being autoclaved at 115 °C for 20 min. The STS was filter-sterilized and added to the autoclaved medium. Stock shoot cultures of both genotypes were maintained by periodic subculture for 1 year before being used in SE induction experiments. Stock cultures were incubated in a growth chamber with a 16-h photoperiod (provided by cool-white fluorescent lamps at 50-60 µmol m −2 s −1 ) at 25 °C light/20 °C dark (i.e. photoperiodic culture conditions).
Induction of somatic embryogenesis
Shoot apices (2-2.5 mm in length, comprising the apical meristem and the corresponding leaf primordias), and the most apical expanding leaf with petiole (4-7 mm) from the first node in the apical region, both explants excised from shoots in an active state of growth of genotypes Q3 and Q10 were used as initial explants (Fig. 1a, b) . Basal medium was composed of Murashige and Skoog (MS; (expression medium M3) for another 24 weeks in photoperiodic conditions (i.e. in total, for 36 weeks after the start of culture). In addition, shoot apex and leaf explants were cultured on basal medium for 36 weeks (control treatment). Ten shoot apices (horizontally orientated) and ten leaves (abaxial side in contact with the medium) were placed in 90 × 15 mm Petri dishes containing 25 mL of induction medium. For each genotype (Q3 and Q10), 100 leaves and 100 shoot apices were cultured per auxin and control treatments.
At the end of experiments, the following data were recorded: the percentage of explants forming callus at 8 weeks and the percentage of explants showing an embryogenic response at the end of the total culture period (36 weeks). Embryogenic response was defined as the presence of nodular embryogenic structures (NS) and/or SE (torpedo-cotyledonary stage) on the initial explants and was determined by periodically examining the explants under a stereomicroscope (Olympus SZX9, Japan). Photographs were taken with an Olympus DP10 digital camera (Japan).
Maintenance of embryogenic lines
To achieve SE proliferation and maintenance of embryogenic competence, individual NS or SE, produced in induction experiments, were isolated from the original explants and subcultured into 90 × 15 mm Petri dishes containing 25 mL of embryo proliferation medium. This medium consisted of Schenk and Hildebrand (SH 1972) sucrose, and 6 g L −1 Vitro agar. Various embryogenic lines were established for Q10 and Q3 genotypes, since each line was derived from one NS or from one SE. The embryogenic lines were maintained by secondary embryogenesis, with sequential subculture at 6-week intervals, and were cultured under photoperiodic culture conditions. In preliminary experiments, the use of MS medium containing 20 µM STS and 0.4% (w/v) activated charcoal (as defined in Martínez et al. 2015) or MS medium supplemented with 0.44 µM BA plus 0.27 µM NAA (as defined in Martínez et al. 2008 ) was ineffective in maintaining the embryogenic capacity. Also, the application of alternative culture conditions, such as culturing in complete darkness, or with alternate cycles of 4 weeks in darkness/light, did not produce positive results on SE proliferation.
To improve the ability of embryogenic lines to generate secondary somatic embryos (SSE) the effect of explant type used as subcultured explant was evaluated. Three embryogenic explant types were defined: isolated nodular embryogenic structures (0.6-1 mm), torpedo-stage embryos (2-2.5 mm), and translucent early cotyledonarystage embryos (3-4 mm). These embryogenic structures were sub-cultured on SH proliferation medium. In a futher experiment, the effect of two organic nitrogen sources on the SSE capacity was tested. Isolated NS were subcultured on SH proliferation medium supplemented with 500 mg L −1 casein hydrolysate or 500 mg L −1 glutamine. In SSE experiments, three replicate Petri dishes with eight explants per plate were cultured for each treatment, and the experiments were repeated twice. After 6 weeks of culture, the embryo proliferation ability was evaluated by recording the mean number of NS and mean number of SSE (i.e. heart-torpedo-, translucent-cotyledonary-≤5 mm and white-opaque cotyledonary-embryos >5 mm) produced in each replicate Petri dish for each treatment.
Somatic embryo germination and plantlet conversion
Following 6-week of culture in SH proliferation medium, cotyledonary-stage embryos (≥5 mm) were isolated, placed in empty Petri dishes, and stored at 4 °C for zero (control), 2 and 3 months. After cold storage treatment, the SE were transferred to 500 mL glass jars (11 × 11 cm; Luminarc, France) containing 70 mL of germination medium consisting of Gresshoff and Doy medium (GD 1972) mineral salts and vitamins (Duchefa Biochemie, Netherlands), 30 g L −1 sucrose, 6 g L −1 Vitro agar, 0.44 μM BA and 20 μM STS. To compare the germination response of the two embryogenic lines established from Q3 y Q10 genotypes, cotyledonary-stage embryos (≥5 mm) were stratified for 2 months at 4 °C and subsequently cultured in germination medium.
Somatic embryos were cultured in photoperiodic conditions for 8 weeks. After this period, the germination response was determined by recording the number of embryos with root only, shoot only, and the number of germinated embryos that converted into plantlets (both shoot and root development ≥5 mm). Each treatment was evaluated in four replicate jars, each containing six mature somatic embryos (24 embryos per treatment).
Acclimatization
After 8 weeks of culture in germination medium the plantlets were removed for acclimatization and potted in moistened garden soil (Terrahum compost, Germany) and perlite mix (1:2) in plastic pots (9 × 6.5 cm). The pots were then covered with a clear plastic and placed into a phytotron at 25 °C and 90% relative humidity under 16 h photoperiod (95-100 μmol m −2 s −1 provided by cool-white fluorescent lamps). After 6 weeks in these conditions, the plants were transferred to a greenhouse under conditions of natural daylight. The survival was evaluated after 3 months in the greenhouse.
Histological study
Shoot apices and leaves used as initial explants collected at day zero, and explants with visible SE and/or NS collected at different periods during the induction experiments were used for histological analysis. Samples were fixed in FAA solution (formalin, glacial acetic acid and 50% ethanol [1:1:18 (v/v/v)]), dehydrated through a graded n-butanol series, and embedded in paraffin wax (Merck, Germany). Tissues were sectioned at 8 µm on a Reichert-Jung rotary microtome (Leica, Heidelberg, Germany). Sections were doubled-stained with safranin-fast green (Jensen 1962 ) for general examination, or with periodic acid-Schiff (PAS)-naphthol blue-black to detect starch and other insoluble polysaccharides and total proteins, respectively (Feder and O'Brien 1968) . The stained sections were mounted with Euckit ® , and images were captured with an Olympus DP71 digital camera (Japan) fitted to a Nikon-FXA microscope (Japan).
Statistical analysis
In the SE initiation experiments, the effect of explant type and PGR treatment on the callus formation frequency (Tables 1, 2) was analyzed statistically by two-way analysis of variance (ANOVA). The effect of explant type and PGR treatment on the SE initiation frequency (Tables 1,  2 ) was estimated using the χ 2 test (P < 0.05) from a contingency table. The effects of the main experimental factors on proliferation (Tables 3, 4 ) and germination (Table 5) of SE were evaluated statistically by one-way ANOVA. Test for normality and homogeneity of variance were performed prior to ANOVA. The arcsine square-root transformation was applied to proportional data prior to analysis. Nontransformed data are presented in the Tables and Figures. The least significant difference (LSD) (P ≤ 0.05) was used to compare means in the case of homogeneous variances, whereas Dunnett's T3 test (P ≤ 0.05) was applied in the case of non-homogeneous variances. All statistical analyses were performed using SPSS for Windows (version 19.0, Chicago, USA; see SPSS for Windows 2010).
Results
Induction of somatic embryogenesis
During the first weeks of culture on induction medium, leaf explants were swollen, enlarged, and watery in appearance. Callus development occurred mainly in the petiole zone and the leaf blade gradually turned brown and necrotic. In apex explants, the first responses observed were expansion of leaf primordia and growth followed by callus formation mainly at the cut surface. At 8 weeks following initiation, the percentage of explants forming callus was evaluated in both genotypes (Tables 1, 2 ). In genotype Q10, treatment, explant type, and their interaction significantly affected this parameter (P ≤ 0.001, P ≤ 0.001 and P ≤ 0.05, respectively), with highest values (90%) in apex explants cultured on 10.74 µM NAA (Table 1) . In genotype Q3, the treatment also significantly influenced (P ≤ 0.001) the callus formation, however the effect of explant type was not significant (Table 2 ). The interaction between explants type and treatment was significant (P ≤ 0.05), and the highest frequency of callus formation was obtained with 10.74 µM NAA and apex combination, as in genotype Q10. In medium without PGRs (control), the frequency of callus formation for both explants types and in two genotypes was significantly lower than those explants cultured on induction medium containing auxin especially for genotype Q3 (Tables 1, 2 ). After successive transfers of the explants, first to M2 medium and 4 weeks later to M3 medium, further development of callus was not observed in leaf explants, whereas in apex explants callus development increased in successive weeks of culture. Embryogenic response was achieved in the two genotypes evaluated (Tables 1, 2 ). In both, SE rate was significantly (P ≤ 0.001) affected by the explants type, being a critical factor for initiating SE. In all treatments evaluated, the best results were obtained when shoot apices were used as initial explants. Although the interaction of treatment and explant type was not significant for both genotypes, the treatment significantly (P ≤ 0.01) influenced the SE frequency in the case of genotype Q3. In both genotypes, IAA treatments were ineffective for SE initiation in leaf explants (Tables 1, 2 ). This explant type was only responsive in 21.44 µM NAA plus 2.22 µM BA induction medium for two genotypes and also in control treatment for Q10 genotype. In apex explants, the highest embryogenic response was obtained with induction media supplemented with the highest concentrations of auxin (21.44 µM NAA for genotype Q3 and 22.83 µM IAA for genotype Q10), although an embryogenic response is observed in the majority of the treatments evaluated, including in control treatment.
The highest rate of SE was obtained in genotype Q3, in which 11% of the apex explants produced SE or NS. All induction treatments tested in apex explants of genotype Q10 generated an embryogenic response, although at a lower rate (3-8%) than in genotype Q3.
In explants not exposed to PGRs, SE only appeared within 2-3 months of the beginning of the experiment. For initial explants treated with the induction medium containing IAA or NAA, SE were observed as early as 3 months after the start of the experiments, and the peak SE generation occurred between 5 and 6 months. Occasionally, explants with embryogenic response were observed after 8-9 months. 16.7 ± 2.9a 5.3 ± 0.9 6.9 ± 1.1a 15.1 ± 1.5a 27.3 ± 2.5a Glutamine (500) 6.3 ± 1.4ab 3.0 ± 0.8 1.8 ± 0.6b 3.3 ± 0.7b 8.2 ± 1.6b Casein hydrolysate (500) 4.0 ± 0.9b 2.8 ± 0.6 1.3 ± 0.4b 2.3 ± 0.7b 6.5 ± 1.3b F-test P ≤ 0.01 ns P ≤ 0.05 P ≤ 0.001 P ≤ 0.001 Table 5 Effect of cold storage pretreatment on germination response of holm oak somatic embryos from Q10 embryogenic line For leaf explants, SE generally appeared at the petiole zone, as occurred in callus development. For shoot apex explants, SE arose from callus tissue formed in the proximal region of the basal leaf primordia. The morphological appearance of SE and the creamy-translucent NS was similar for both explant types and genotypes (Fig. 1c-f) . The number of NS or SE generated in the embryogenic explants was relatively low and generally one SE or NS was obtained per responsive explant (Fig. 1c-f) . The simultaneous presence of both NS and SE was only occasionally observed.
Maintenance of embryogenic lines
After isolation of SE and/or NS and subculture on SH medium lacking PGRs, most cultures showed a decline in the production of SSE at 2-3 months after isolation. A number of primary embryos underwent rapid differentiation to the cotyledonary-stage, even forming complete plantlets. Of all the media and conditions tested to establish and maintain the embryogenic capacity of holm oak embryogenic lines, the best results were obtained by isolating young NS or early stage SE from the original explants and subsequent subculture on SH medium without PGRs at 6 weeks of subculture intervals. It is essential to isolate embryos from the initial explant at very early stages of the embryogenic development, just before the cotyledonary stage was achieved.
Development of SE was asynchronous, and different stages of embryos were observed in the same embryo proliferation culture at the same time. Most SE showed a normal morphology, although some exhibited the typical abnormalities of the embryogenic process, such as fused cotyledons, or more than two cotyledons.
To maintain and improve the embryogenic capacity of the established lines, the effect of the explant type used for subculture was assessed. Explant type had a significant influence on embryo production in terms of newly generated NS and SSE and their developmental stage (Table 3) . Although all explant types evaluated produced new NS and SSE, the sub-cultured NS were the most effective explant and produced the highest significant numbers of NS (19.3) and SSE (27.1) ( Table 3) . By contrast, when torpedo or early-cotyledonary SE were used, the generation of new NS (3.8 and 1.3, respectively) and the total number of SSE (10.0 and 9.9, respectively) was significantly reduced (Table 3) . Thus, the most efficient procedure to maintain holm oak clonal embryogenic lines was by sub-culture of isolated NS on SH proliferation medium.
The influence of the addition of two different organic nitrogen sources (glutamine or CH) to the proliferation medium was evaluated by using NS as subcultured explants (Table 4) . Both glutamine and CH have a significant negative effect on almost all parameters evaluated, giving rise to lower numbers of NS (6.3 for glutamine and 4.0 for CH) and SSE (8.2 for glutamine and 6.5 for CH) than the number of NS (16.7) and SSE (27.3) obtained in proliferation medium without these compounds (Fig. 2a, b) . No significant differences were observed between the two nitrogen sources. The mean number of cotyledonary-stage embryos in the development stage of newly generated embryos, was significantly reduced by these compounds, whereas the number of heart-torpedo embryos was not affected. It is worth noting that the values achieved by control treatment in all of the evaluated parameters (Table 4) were very similar to those obtained by subcultured NS in the experiment on the effect of explant type on SSE (Table 3) , which confirmed the reproducibility of the proliferation ability of this embryogenic line.
Plantlet conversion and acclimatization
Although plantlet conversion (16.7%) was obtained for SE that were not subjected to cold storage, the application of 2 months of cold treatment before culture in germination medium significantly (P ≤ 0.01) improved the germination response (Table 5) . Cold storage time did not significantly affect the frequencies of partial germination (only root development or only shoot development), the frequency of embryos that formed whole plantlets significantly increased (P ≤ 0.01) when 2 months of cold storage was applied (66.7%; Table 5 ). This treatment also gave rise to the most vigorous plantlets in terms of root length (P ≤ 0.01), shoot length (P ≤ 0.05), and leaves number (P ≤ 0.01) (Fig. 2c) . However, plantlet conversion frequency (12.5%) significantly decreased in SE stored in cold for 3 months, although the plantlets obtained with this treatment were similar in size to those obtained with 2 months of cold (Table 5 ). The germination ability of two months cold treated SE from Q3 and Q10 genotypes was compared, resulting in noticeable differences between both materials, with 21 and 50% of plantlet conversion for Q3 and Q10 genotypes, respectively.
In spite of the good quality of plantlets obtained after culture in germination medium, only a 10% of germinated embryos grew into plants and survived after 5 months in ex vitro conditions (Fig. 2d) .
Histological study
As differences were observed in embryogenic capacity between leaf and apex explants, a histological study of initial explants was performed to determine their anatomical structure. Transverse sections of leaves exhibited a low level of differentiation (Fig. 3a) , as expected in developing leaves. Leaves comprised a single layer of adaxial epidermis formed by polygonal vacuolated cells, each with a small nucleus. These cells were larger than the abaxial epidermal cells, which had dense cytoplasm and a centrally located nucleus. The mesophyll was formed by a double layer of palisade parenchyma on the upper side of the leaf blade and six layers of spongy parenchyma on the lower side. The latter showed no evidence of intercellular spaces or starch grains (Fig. 3b) . The mid-vein consisted of vacuolated sub-epidermis and inner parenchymal cells surrounding vascular bundles. Analysis of longitudinal sections of shoot apex explants on day zero revealed that they comprised the apical meristem and four to five pairs of leaf primordia that exhibited a lower cell differentiation level than that of leaf explants, especially at the epidermal and mesophyll cells (Fig. 3c) . Meristem bud primordia were also evident in the axil zone of each leaf primordia (Fig. 3d) .
Somatic embryos and nodular embryogenic structures obtained were also analyzed at the histological level. The embryogenic character of the NS was confirmed by the presence of meristematic cells, which showed a dense protein-rich cytoplasm, small vacuoles, and a high nucleoplasmic ratio. Somatic embryos generated in initial explants exhibited a well-formed shoot and root meristem and closed vascular tissue (Fig. 1g) .
Discussion
Cloning mature trees is challenging and the recalcitrance of mature material is one of the main limitations to the widespread application of SE technology for mass propagation of selected genotypes, affecting many woody angiosperm and especially conifer species (Bonga et al. 2010; Ballester et al. 2016; Bonga 2017) . The findings reported here for Q. ilex clearly indicated that young leaf and shoot apex explants excised from axillary shoot cultures derived from mature trees were embryogenically competent, and that the SE obtained could yield plants. These results clearly improved those reported on previous attempts to induce SE from leaf explants derived from flushing branches, that were completely unsuccessful, with only non-embryogenic Fig. 2 Maintenance of embryogenic capacity and plant regeneration of holm oak somatic embryos. a, b Secondary embryos produced from nodular embryogenic structures on proliferation medium with (a) and without (b) glutamine. c Plant regeneration from a somatic embryo after 6 weeks of culture in germination medium. d Holm oak plantlet after 1 year growing in ex vitro conditions callus being obtained (Blasco et al. 2013; Barra-Jiménez et al. 2014) . The advantages of using shoots proliferated in culture as a source of initial explants rather than explants collected directly from field-grown trees has been discussed in studies involving Quercus (San José et al. 2010; Corredoira et al. 2012; Martínez et al. 2015) and other woody species (Rugini and Caricato 1995; Corredoira et al. 2006a Corredoira et al. , 2015 Correia et al. 2011; Maillot et al. 2016) . The use of floral explants to initiate the embryogenic process (BarraJiménez et al. 2014 ) was affected by the season, climatic conditions, and the possibility of isolating floral tissues jointly with zygotic tissues (Dr. M. Toribio, personal communication) . If this occurs, the clonal fidelity of the material would be at risk, and to avoid this hypothetical situation, the use of shoot proliferation cultures to initiate SE in hardwood trees is highly recommended.
In the present study, the embryogenic response was strongly influenced by the explant type. The embryogenic capacity of apex explants was significantly higher than leaf explants. Likewise, apex explants excised from axillary shoot cultures of two genotypes of Eucalyptus globulus were also more responsive than leaf explants . The opposite was found in the other oak species already studied, in which leaves showed higher somatic embryogenesis rates than apices (San José et al. 2010; Corredoira et al. 2012; Mallón et al. 2013; Martínez et al. 2015) . Holm oak leaves had a tendency to die during the initial culture period, and the calluses produced contained more necrotic tissue than those originated from leaves of other Quercus species (Corredoira et al. 2014 ).
This low embryogenic response of expanded holm oak leaves could be related to a higher level of differentiation than that observed in leaves for other oak studies, as we determined from the histological study of various oak species (Corredoira et al. 2006b . Thus, in white oak, a comparative histological leaf study showed that the leaves with higher embryogenic capacity (from the most proximal leaf to the apex) have cells in an undifferentiated condition, as well as the presence of precursor guard cells stomata and low starch grains content in the mesophyll (Corredoira et al. , 2014 . By contrast, the histological analysis of holm oak shoot apex showed that leaf primordia attached to the axillary bud of apex explants had lower differentiation with a higher number of meristematic cells than expanded leaf explants. This fact, together with the presence of active axillary shoot meristem, could be a possible explanation for the greater embryogenic response of apex explants. Our results were consistent with those reported by Klimaszewska et al. (2011) , who observed in the induction of SE from needle primordia of shoot explants from mature white spruce trees, that the origin of SE was closely related to the formation of nodules or calluses produced at the base of elongated needle primordia. Maillot et al. (2016) also reported that axillary meristems were involved in callus formation and induction of embryogenesis on node explants of wine grapes.
The addition of high auxin concentration (21.44 µM NAA or 22.83 µM IAA) to the induction medium improved the holm oak embryogenic response compared to the induction medium without PGRs or with lower Fig. 3 Histological analysis of shoot apex and leaf explants used as initial explants in somatic embryogenesis initiation of Q. Ilex. a Transverse section of a leaf explant prior to culture on induction medium. b Magnification of leaf blade in (a). Note the differences between adaxial (ad) and abaxial (ab) sides. c Longitudinal section of a shoot apex explant prior to culture on induction medium. d Magnification of (c) (square) to show axillary meristem. PAS-naphthol blueblack reaction was applied in photograph (a) and (b), whereas double-stain safranin-fast green was used in photograph (c) and (d) auxin concentrations for both genotypes and explants types. Auxins are considered as the main signals for the induction of SE (Jiménez 2005; Fehér 2008) . Auxins may play a dual role during induction, one related to signaling and the other to a stress component that also changes the endogenous content of auxins. The ability of mature somatic cells to induce the embryogenic response generally depends on its capacity to switch to the meristematic or embryogenic stage, in which major de-differentiation induced by auxins has a key role. In other oak species Corredoira et al. 2014 ) and other woody species, such as chestnut (Corredoira et al. 2006a) or eucalyptus species , NAA was successfully used on somatic embryogenesis initiation. As in the present report, 21.44 µM NAA was also the most effective concentration for SE induction from leaf and apex explants derived from oak pedunculate seedlings (Cuenca et al. 1999) or from mature trees of several oak species (Toribio et al. 2004; San José et al. 2010; Corredoira et al. 2012; Mallón et al. 2013; Martínez et al. 2015) . In cork oak leaves derived from mature trees, an increase in the NAA concentration from 10 to 50 µM enhanced the SE induction rate (Hernández et al. 2003a, b) . For genotype Q10, the best results were observed with 22.83 µM IIA, although similar SE frequencies were obtained for the rest of the NAA and IAA concentrations. To our knowledge, this is the first study in which IAA was successfully used for SE induction in Quercus species. These results show an auxin specificity for SE initiation, and holm oak genotypes behave differently under the same conditions. Therefore, the role of genotype should be interpreted carefully, and culture conditions should be optimized (Correia et al. 2011; Corredoira et al. 2015) .
The same three-step procedure with a sequence of culture on M1 induction medium and M2 and M3 expression medium applied in the present report has been also used on induction of SE in other oak species (Corredoira et al. 2014; Martínez et al. 2015) . In all these reports, SE generally was evident after transfer to M3 medium in which explants were cultured between 2 and 3 months. In holm oak, the formation of SE or NS seems to occur in two successive 'waves': one early and another late after 3-4 months in M3 medium, and in which most of the SE is formed. This fact indicates that the process of SE formation in holm oak requires more time in M3 medium.
In the present study, acceptable and higher induction rates were obtained from apex explants relative to those reported for other holm oak embryogenic systems. Somatic embryogenesis induction rates of 1.2-3.2% have been reported for ovule teguments (Barra-Jiménez et al. 2014) , 3% for leaves (Féraud-Keller et al. 1989) , 3.3% for male catkins (Blasco et al. 2013) , and 4.3% for zygotic embryos (Mauri and Manzanera 2005) .
Maintenance of embryogenic competence in holm oak proved to be problematic, and low embryo proliferation rates were a reported problem (Blasco et al. 2013; BarraJiménez et al. 2014) . These authors reported that some embryogenic lines could only be maintained for 1 year, because most of the initial embryogenic lines lost their embryogenic competence, in spite of different culture conditions and/or the media tested to solve this problem. In the present study, only one SE or one NS was generated from each initial explant. This fact has been a handicap to the establishment of different embryogenic lines, most of which were lost after a few sub-cultures. The addition of PGRs to the embryo proliferation medium also did not improve the proliferation rate, as occurred in chestnut (Corredoira et al. 2003a) , elm (Corredoira et al. 2003b) , and in other oak species (Cuenca et al. 1999; Martínez et al. 2008; Corredoira et al. 2012; Mallón et al. 2013) . The selection of the most appropriate type of explant was essential to maintain the embryogenic competence. The use of individual NS as sub-cultured explants for SSEs proliferation was the solution to keep the cultures alive for an unlimited period of time. Selection of appropriate explants was also found to be a critical step for embryo proliferation in American oak (Martínez et al. 2015) , as it was found that embryogenic cultures were only maintained when NS were used as explants.
The source of organic nitrogen was recognized as an important factor in embryogenic induction and embryo histodifferentiation in somatic embryogenic systems (Merkle et al. 1995) . The addition of glutamine was confirmed to be beneficial for proliferation of somatic embryos in Cryptomeria japonica (Ogita et al. 2001) . Glutamine also improved the regeneration of plants from somatic embryos of European chestnut . In Abies fraseri, the addition of casein hydrolysate in combination with glutamine to the culture medium yielded high proliferation rates (Kim et al. 2008) . Casein hydrolysate (at a concentration of 500 mg L −1 ) is also routinely added to the proliferation medium used for somatic embryos derived from pedunculate oak (Martínez et al. 2008; Corredoira et al. 2014) . However, in holm oak both compounds had a negative effect on the proliferation of secondary embryos.
In the present study, acceptable conversion rates (21% for Q3 and 50-66.7% for Q10) were obtained by application of 2 months cold treatment. This treatment was generally associated with a decrease in endogenous abscisic acid, and an increase in endogenous levels of gibberellic acid, both of which were involved in the germination process (Jiménez 2005; Corredoira et al. 2014) . Two months of cold storage has also been used to promote maturation and germination of SE in European chestnut , cork oak (Toribio et al. 2005) , and northern red oak (Vengadesan and Pijut 2009). By contrast, in American chestnut, the best results were achieved when SE were subjected to 3 months of cold treatment (Andrade and Merkle 2005) . To increase the number of plants, germinated SE with only shoot development could be source of explants to initiate organogenic shoot proliferation cultures, which then could be multiplied and rooted.
Acclimatization of plantlets from SE origin was very problematic, and most of the plantlets died after a few days in a phytotron. Similarly, Barra-Jiménez et al. (2014) were also unsuccessful in keeping plants alive using conventional acclimatization procedures. The slow and episodictype of growth of this species together with the difficult seed germination and seedling establishment (Smit et al. 2009 ) could be the cause of poor somatic plantlet survival.
Alternative solutions need to be tested to increase the holm oak plantlet production. Factors such as environmental conditions (light intensity or humidity levels) during the acclimatization, nutrient management, and subtract combinations should be optimized to reduce holm oak plant loss.
In spite of the difficulties encountered in the embryogenic process of holm oak, a repetitive procedure has been designed for this recalcitrant oak species. Successful clonal propagation of mature endangered holm oak trees was feasible through the use of expanding leaves or apex explants collected from shoot cultures as initial explants. Once the embryogenic process was started, the selection of the most suitable subcultured explants to maintain the embryogenic competence was of prime importance to define the procedure.
